Genomic analyses on versatility of the ubiquitous opportunistic pathogen Pseudomonas aeruginosa have been focusing on clinical strains from humans but much less on animal and environmental strains. Here, we aimed to compare genomic patterns of bovine, environmental, and human strains of P. aeruginosa. A collection of 71 strains, equally representing bovine (non-clinical), environmental (aquatic), and human (clinical) isolates from all main subregions of Hungary was genotyped by PCR microarray. Results were interpreted in comparison with internationally established human clinical and environmental clones, based on single nucleotide polymorphisms, on di-and multiallelic loci (fliC and fpvA) of the conserved core genome, and on genetic markers for the flexible accessory genome. As a result, a total of 33 clones were identified, with one bovine, 10 environmental, and five human clones regarded as new ones. In spite of general clonal diversity, bovine and human clones seemed to be habitat related. Bovine strains were characterized by significant overrepresentation of type III FpvA pyoverdine receptor, while the environmental and human strains showed the dominance of type I FpvA. Genotypes of non-clinical bovine strains of P. aeruginosa differed from those of human clinical strains, supporting the hypothesis about specific groups of strains colonizing specific habitats.
Introduction
Pseudomonas aeruginosa is a multidrug-resistant ubiquitous opportunistic pathogen with increasing medical and veterinary importance. This bacterium is a common causative agent of localized infections in humans, and it is a predominant cause of severe illnesses in immunocompromised patients and causes mortality in patients with cystic fibrosis (CF) (Lyczak et al., 2002) . Pseudomonas aeruginosa is a major pathogen for dolphins and minks (Karlsson et al., 1971; Diamond et al., 1979) , it is a causative agent of bovine mastitis (McLennan et al., 1997) , and it may induce various localized infections in different animal species as well. The non-clinical strains of P. aeruginosa from animals and from the environment have gained so far much less attention, and no genomic analysis is known on bovine strains.
Results of genome sequencing revealed that the genome of P. aeruginosa is made up of a mosaic structure of a conserved core and of flexible accessory segments. The core genome is characterized by a conserved syntheny of genes, a low average nucleotide substitution rate (~0.5%), and a few multiallelic loci under diversifying selection (Spencer et al., 2003; Smith et al., 2005; Tümm-ler, 2006) . The accessory genome consists of clone-or strain-specific gene islets and large genomic/pathogenicity islands (GI/PI) representing hypervariable regions of the P. aeruginosa genome (Römling et al., 1997; Heuer et al., 1998) . Pathogenicity of individual strains, in different models, seems to be related to the flexible accessory genome (Woods, 2004; Harrison et al., 2010) . Moreover, the flexibility of the accessory genome, and the ability to acquire or discard different genomic segments seem to contribute to the host adaptation of P. aeruginosa giving rise to strains with new genotypes (Mathee et al., 2008) .
For genetic characterization of P. aeruginosa from different sources, several typing methods are available, representing efficient tools for molecular epidemiology. So far the most reliable DNA-based typing techniques were the pulsed-field gel electrophoresis (PFGE), being the gold standard for many years (Grundmann et al., 1995) and the multilocus sequence typing (MLST) (Maiden et al., 1998) . However, the sensitivity of PFGE is limited, and MLST only scans major genetic diversities of the core genome. Therefore, a more informative, rapid and robust PCR microarray system has been developed to characterize genotype of both the conserved core and the accessory genome (Wiehlmann et al., 2007) .
Genomic analyses on P. aeruginosa have been focusing on clinical strains from humans, but less efforts were made for the genetic characterization of such strains from animals (Daly et al., 1999; Ledbetter et al., 2009; Pirnay et al., 2009 ). Earlier we have briefly reported on PCR typing of virulence and antimicrobial resistance phenotype of P. aeruginosa of bovine, human, and environmental origin, with some indications for differences in antimicrobial resistances according to the host species (Szmolka et al., 2009) . As there were no comparative data available on detailed genetic analysis of non-clinical commensal strains from animals, especially from food-producing animals, we decided to extend these phenotyping studies to a genomic level.
Here, we hypothesized that animal, environmental, and human strains of P. aeruginosa of a well-defined geographic region like Hungary may show different genomic patterns depending on their adaptation to specific host or habitat. To address this issue, a representative Hungarian collection of bovine, environmental, and human P. aeruginosa strains was established and genotyped using the PCR microarray system of Wiehlmann et al. (2007) . Genotypes of these strains were compared to those of the internationally established collection containing a reference set of 240 strains, mostly from human clinical cases (Wiehlmann et al., 2007) , and to the recently reported environmental clones of Selezska et al. (2012) .
Materials and methods

Isolation and identification of bacterial strains
Pseudomonas aeruginosa representing bovine, environmental, and human strains (from years 2001 to 2011) were included in this study. Bovine (non-clinical), randomly selected strains (n = 24) from a total of 755 samples of teat milk, feces and colon contents were isolated in our laboratory (Szmolka et al., 2009 ) from healthy live or slaughtered dairy cattle of Hungarian spotted and Holstein-Friesian breed from nine small herds, and from one large (> 2000 cattle) farm (Kiscséripuszta). This farm operated one large herd in close association with several smaller herds within an area of 2000 hectare. For comparative purposes, similar numbers of human (n = 24) and environmental (n = 23) strains from the same subregions of Hungary were included. Human (clinical) strains were isolated from septicemia and from localized (throat, skin and eye) infections (provided by the National Center for Epidemiology, Budapest). For the isolation of environmental strains, water samples (n = 40) have been taken from different natural waters (rivers and lakes) representing different subregions of Hungary away from municipal or industrial areas. A volume of 750 mL from each sample has been filtered, and the filter was incubated by shaking for 48 h in Z-broth (Szita et al., 2007) for the selective enrichment of P. aeruginosa. Ten microliter of the Z-broth culture was streaked onto selective HiFluoro TM agar plates (Sigma). After incubation at 37°C for 2 days, fluorescent colonies were identified under UV light and were confirmed by oprI/oprL PCR as P. aeruginosa (De Vos et al., 1997) . Biochemical identification of all strains of P. aeruginosa was performed, using the API 20NE test system (bioMerieux, France). Strains were stored at À80°C in tryptic soy broth (BD Bacto TM ) containing 10% glycerol.
Genotyping assay
For genotyping of P. aeruginosa strains, a PCR microarray system (Wiehlmann et al., 2007) was used. The steps of labeling, hybridization, and detection of the P. aeruginosa Array Tube (Alere Technologies GmbH) were performed according to the published protocol (Wiehlmann et al., 2007) . The array represented both the core and the accessory genome of P. aeruginosa by 58 genetic markers selected by their relevance or by their estimated frequency in P. aeruginosa populations. The core genome was represented by 20 genetic markers including single nucleotide polymorphisms (SNPs) of conserved loci (Morales et al., 2004) , the diallelic loci for flagellin fliC (Spangenberg et al., 1996) as well as the multiallelic loci for the pyoverdine receptor gene fpvA (Smith et al., 2005) . The accessory genome was represented by 38 genetic markers to detect effector genes (exoS/exoU) of the type III secretion system (T3SS) and different gene islets (Fleiszig et al., 1997; Feltman et al., 2001; Wolfgang et al., 2003) as well as subtypes of six GI (Larbig et al., 2002; Arora et al., 2004; He et al., 2004; Klockgether et al., 2004; Tümmler, 2006) .
Identification of clones was based on a selected set of core genome markers, represented by 13 SNPs and of two types of fliC. Additionally, the signals of genes exoS/exoU of the accessory genome were also included (Wiehlmann et al., 2007) . The signals of the above 17 genetic markers were transferred to a four digit hexadecimal code, corresponding to specific clones (Table 1) . Clonal variants Genotyping bovine, human and environmental P. aeruginosa within clones were identified on the basis of the genetic pattern of the accessory genome without exoS/exoU (Table 2) . Genotype of strains from this study was compared to those of 240 published strains of P. aeruginosa mostly from human clinical cases representing an internationally established collection (Wiehlmann et al., 2007; Mainz et al., 2009) . Furthermore, the recently reported environmental clones of Selezska et al. (2012) were also considered. This comparison allowed us to estimate the distribution of the Hungarian clones within the internationally established human clinical and environmental clone collection of P. aeruginosa and to establish newly described clones. For genotype comparison, the eBurst algorithm was used (http://eburst.mlst.net).
For cluster analysis, the UPGMA dendrogram showing genetic relations within Hungarian strains was generated by TREECON software package (Van de Peer & De Wachter, 1994) . Cluster analysis was based on the presence or absence of all 20 marker genes of the core genome, including SNPs, as well as di-and multiallelic loci fliC and fpvA.
Results and discussion
To address our initial assumption that P. aeruginosa strains representing different habitats may differ in their genomic patterns, a collection of bovine (non-clinical), environmental (aquatic), and human (clinical) strains within a welldefined geographical region (Hungary) was genotyped. In general, a genetic diversity of P. aeruginosa strains in all three habitats was observed, with a tendency for segregated clustering of bovine and human clones.
Clonality and genotypes of P. aeruginosa strains based on the core genome Results of genotyping of the P. aeruginosa strains based on the SNPs and fliC types of the core genome and on the exoS/exoU of the accessory genome identified as many as 33 clones, among which six represented bovine strains. Seventeen of these clones have been described earlier (Wiehlmann et al., 2007) , including clones 0C4A, A429, 8E9A, 2C22 identified recently in human strains (Mainz et al., 2009) , and clone 282A detected very recently in natural waters (Selezska et al., 2012) . However, one bovine, five human, and ten environmental clones of this Hungarian collection have not been identified previously (Table 1) .
Among representatives of the three habitats, bovine strains displayed the least diverse clonal structure. The majority of them (20 strains) merged into three major clones with 4-10 strains in each, representing several subregions of Hungary (Table 1 ). The largest bovine clone EB92 represented a new clone with 10 strains from five different geographical subregions including the large farm of Kiscséripuszta (Table 2 ). The clonal diversity index of strains representing the large farm of Kiscséripuszta (5 clones/14 strains = 0.36) was about the same as that of the other group of strains representing nine different farms (3 clones/10 strains = 0.30).
In comparison with bovine strains, clonality of the human strains and especially of those from the environment was more diverse. With the exception of two major human P. aeruginosa clones established (0C2E and 2C1A), the remaining human and environmental strains formed several individual clones with a maximum of two strains. Among them, five human and 10 environmental clones were regarded as new ones, complementing the clonal repertoire of the earlier studies of Wiehlmann et al. (2007) and of Selezska et al. (2012) . These data suggested that there is a spread of three major bovine and two major human clones in Hungary (Fig. 1, Table 1 ). Clones of bovine strains did not cluster together with clones of human strains, indicating that these clones are habitat related (Fig. 1, Table 1 ).
Comparison of Hungarian bovine strains with international human counterparts resulted only four overlapping clones mostly related to CF (Fig. 1, Table 1 ). On the other hand, several of our bovine strains could be integrated within environmental clonal complexes (B, E71, S42) described very recently in Germany (Selezska et al., 2012) , indicating the possibility of natural interchange between environmental and bovine strains (Fig. 1, Table 1 ).
Diverging clonality of the bovine and human strains was confirmed by cluster analysis taking into account all 20 genetic markers of the core genome, including SNPs, as well as di-and multiallelic loci fliC and fpvA (Fig. 2) . At a similarity cutoff of 50%, five major genetic clusters (A-E) could be distinguished, and they tended to be represented by the strains from one or the other habitat. Accordingly, 18 of the 24 human strains were grouped into one large cluster (A), whereas 20 of 24 bovine strains were grouped into three large clusters B, D, and E (Fig. 2) .
Characterization of FpvA pyoverdine receptor gene types
As further essential components of the core genome, the genes of pyoverdine receptors FpvA were also analyzed. Pyoverdines are primary siderophores and signal molecules for virulence factors of P. aeruginosa. Different types of FpvA receptor proteins serving for iron uptake are alternatively encoded in the genome. Considering the above differences found in core genomes, it was logical to assume that bovine, human and environmental strains may also differ regarding their FpvA receptor types. Genotyping bovine, human and environmental P. aeruginosa
Results of PCR microarray typing of pyoverdine receptor genes indicated that human strains were characterized by the overrepresentation (75%) of type I FpvA receptor genes (Fig. 3) which is in harmony with previous finding of Wiehlmann et al. (2007) . The predominance of type I FpvA gene (52.2%) was also found among the environmental strains. In contrast, bovine strains have been characterized by the relative dominance (45.8%) of type III FpvA (Fig. 3) . Statistical analysis (chi-square test with Yates correction) confirmed that the above overrepresentation of type III FpvA receptors among bovine strains relative to the human (12.5%) and environmental strains (8.7%) is significant (P < 0.05), and it was not related to the place (farm) of isolation. Thus, the clonal separation of bovine strains from human and environmental strains was also manifested in the differences of their FpvA receptor types. It seems that this finding is a novel contribution to earlier studies where the comparative genetic characterization of P. aeruginosa strains from humans, from diverse animal sources, and from the environment revealed no significant correlation between the habitat and the FpvA receptor gene types (Pirnay et al., 2009) . Our data about significantly more prevalent type III FpvA receptors in bovine strains as compared to human and environmental strains together with our finding on diverging clonality of bovine and human strains could generate the hypothesis that bovine strains may represent a specific group of P. aeruginosa adapted to this habitat, and the type III FpvA pyoverdine receptor might be involved in this adaptation.
Clonal variants identified based on genotyping of the accessory genome
Genotyping of the flexible accessory genome allows insight into genetic patterns of clonal variants. We found Fig. 1 . Relations of the Hungarian bovine, human, and environmental Pseudomonas aeruginosa clones to internationally established clonal complexes and single clones of human and environmental origin. The genetic linkage was determined based on the presence or absence of a selected set of genetic markers of the core genome (SNPs and fliC) and of exoS/exoU of the accessory genome. For genotype comparison, the eBurst algorithm was used. Small black dots are indicating published international clones of 240 P. aeruginosa strains of human and environmental origin (Wiehlmann et al., 2007) . Empty symbols are representing new bovine, environmental, and human clones from Hungary (triangle = bovine, rhomb = environmental, square = human). Full size black symbols are indicating Hungarian clones overlapping with internationally established counterparts. Dashed circled dots are representing two common clones (2C1A and 0C2E) of environmental and human strains of P. aeruginosa. Fig. 2 . Genetic clusters of bovine, human, and environmental strains of Pseudomonas aeruginosa from Hungary. Cluster analysis was based on the presence or absence of all 20 genetic markers of the core genome, including SNPs, as well as di-and multiallelic loci fliC and fpvA. The UPGMA dendrogram representing clonal relations within Hungarian strains was generated by the TREECON software package (Van de Peer & De Wachter, 1994) . Genotyping bovine, human and environmental P. aeruginosa that the components of the accessory genome -without exoS/exoU -seemed to form specific blocks of genes characteristic to the major bovine and human clones of P. aeruginosa (Table 2) . The phage-related gene islets PA0722 and PA0728 (Stover et al., 2000) were more characteristic for bovine strains (88% and 83%), while PA0636 and PA2185 frequently characterized environmental strains (70% and 74%), which may also be as a result of adaptation processes to the bovine and environmental habitats, respectively (Table 3) . The international and Hungarian human P. aeruginosa strains were characterized by the presence of one or the other of the PAPI-2, PAPI-1/pKLC102-like islands and PAGI-2/PAGI-3-like islands as described earlier in relation to international P. aeruginosa strains derived from human clinical cases (Wiehlmann et al., 2007) . Environmental strains also harbored these genetic elements. The bovine non-clinical strains did not contain these islands and the PAPI-1-and PAPI-2-specific genes were also missing from most of them (Table 3) . Analysis of the flexible accessory genome of the clonally overlapping strains also revealed the above-described differing patterns between the Hungarian bovine strains and their internationally established human clonal relatives (results not shown).
Recently, it was shown that 46% of the O11 keratitis strains of P. aeruginosa from human represented a subpopulation carrying a novel type of pilA gene and seemed to be genetically adapted to cause corneal infection (Stewart et al., 2011) . Furthermore, the virulence of isogenic mutants of P. aeruginosa strain PA14 has been shown to be increased significantly by the PI PAPI-1 and PAPI-2 in murine models of acute pneumonia and bacteremia (Harrison et al., 2010) . Thus, our data indicate that host adaptation and pathogenic potential of the P. aeruginosa strains is also associated with the flexible accessory genome beside the conserved core part (Woods, 2004; Mathee et al., 2008) . The pathogenetic relevance of genomic differences between bovine and human strains reported for this collection should be addressed in a separate study.
Conclusions
Although the number of strains from each habitat was relatively low, the PCR microarray system revealed the existence and spread of several new clones of bovine, human, and environmental strains of P. aeruginosa in Hungary. Our findings support the hypothesis that for some hosts or habitats (i.e., bovine alimentary tract and teat canal), a more or less adapted set of P. aeruginosa strains may exist with a specific repertoire of genetic elements (i.e., pyoverdines, GI/PI). Consequently, our data indirectly suggest that because of adaptation of bovine strains to these habitats, the public health risk of raw milk consumption could be considered low for P. aeruginosa.
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